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SUMMARY

A far-field survey has been conducted to determine the characte-

ristics of the noise generated by the Saturn static firing tests. Data

obtained for the first series of eight tests indicate the noise has high

power_ broad directivityj a low frequency spectrum_ and low efficiency.

Initial tests were made firing two engines on the first test and four

engines on the second test. These tests produced sound power levels of

0.56 megawatt and 1.6 megawatts_ respectively_ with low efficiencies of

0.04% and 0.06%. The remaining six tests were made with eight engines.

They produced sound power levels ranging from 25 megawatts to 40 mega-

watts_ with an acoustic efficiency of approximately 0.7%. Frequency

spectra peaked between i0 cps and i00 cps_ with a severe dip at 250 cps

and a minor peak at i000 cps. The effects of impingenment on the the

flame deflector and the dampening of the cooling water make it very dif-

ficult to isolate the effects of clustering the engines.

INTRODUCTION

When the decision was made to conduct static firing tests of the

Saturn booster it was foreseen that noise from the firings would present

a problem. It was realized that characteristics of the noise would be

such that hazardous conditions for both people and property could occur.

A reputable acoustic consulting firm Bolt_ Beranekj and Newman_ Inc._

was employed to make a detailed study of the situation. (References i_

2_ and 3). The results of this and later studies confirmed the earlier

concern over the possibilities_ and emphasized the need for more infor-

mation on the subject. As a result_ an extensive program of noise
measurement was established for the Saturn tests. Several interim re_

ports have been written to present initial results of the measurement

program. The purpose of this report is to summarize the results and de-

scribe the characteristics of the Saturn noise.



UNUSUAL TERMS

SOUND PRESSURE LEVEL - The root-mean-square sound pressure is ex-
Pl

pressed in decibels. The decibel is 20 loglo _o where Po = 0.0002

microbar (dyne/sq. cm.).

POWER LEVEL - The acoustic power level is expressed in decibels.

_-_where Power o 10 -Is wattsIn this case, the decibel is i0 loglo _owero = •

Acoustic power is expressed in watts.

SPACE AVERAGE SOUND PRESSURE LEVEL - The sound pressure level in a

noise survey averaged over the hemispherical area through which all the

acoustical energy radiates.

DIRECTIVITY CORRECTION FACTOR - Shows the difference in the radia-

tion of sound energy through space from a specific noise source to the

radiation through space from a sound source with a perfectly spherical
radiation.

OCTAVE BAND - A portion of the frequency spectra where the upper
limit is double the lower limit.

ONE-THIRD OCTAVE BAND - A frequency bandwidth one-third as wide as

an octave band, usually identified by the center frequency of the band-
width.

NON-STANDARD ABBREVIATIONS

SPL

SPL_

OA SPL

P_

mTI_H

- Sound Pressure Level

- Sound Pressure Level at a Station at e Degrees Angular
Coordinate

- Over-all Sound Pressure Level

- Power Level

- Space Average Sound Pressure Level

OB - Octave Band



1/30B - One-Third Octave Band

OBL - Sound Pressure Level in an Octave Band

1/30BL - Sound Pressure Level in a One-Third Octave Band

LOCATIONS OF INSTRUMENTS

From a source located in space, and assuming that still air is the

transferring medium, sound is radiated uniformly in all directions. The

sound energy is dispersed through the surrounding sphere and the inten-

sity decreases inversely as the square of the distance from the source.

The ideal sound measuring system would then have instruments located on

the surface of a hypothetical sphere of some known radius. For a sound

source located at or near ground level, the hypothetical sphere is reduced

to a hemisphere. And for a hemisphere with an appreciable radius, it is

feasible to have instruments placed only on a circle at ground level

where the hemisphere would touch the earth. Since instrumentation chan-

nels were limited in number and under the assumption that radiation of

energy would be uniform to both sides, the instruments for the Saturn

program were placed on a semicircle. Figures I and 2 show the test

position, and Figure 3 shows a plan view of the test position and the

layout of instrumentation. It will be noted that along the 60 ° angular

coordinate, instruments were placed at distances which are successively

doubled. This was done to check the inverse square law of radiation

intensity. Details of the measuring system and its calibration, and of

the system used for data reduction are presented in Appendix A and on

Figure 29.

RESULTS

Sound measurements have been made for all Saturn tests to date.

Data secured show that the characteristics of the noise for the two-engine

and the four-engine tests are quite different from those for the eight-

engine tests. This can be attributed to three factors. The first, and

perhaps most important factor, is that such differences are a result of

the various cluster combinations. This was foreseen and expected. A

second reason for such differences is that extensive modifications in

the flame deflector were made concurrently with the first tests. The

changes included a slotted extension and a secondary, flat-plate de-

flector. No doubt, both had considerable effect on directivity and

frequency. The deflector modifications are outlined in Figure 4. A

third factor is that, during the development of the deflector, the
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coolant water flowrate was changed from test to test. This resulted in
a varied sound dampening effect and a corresponding change in noise

characteristics. The individual effects of these factors cannot be

isolated and it can only be pointed out that the changes in noise char-

acteristics shown are a result of all three.

Recorded data for the first eight tests are plotted to give the

sound spectra shown ou Figures 5 to 17. Data for the two-engine, four-

engine, and first eight-engine tests are plotted separately. Data for

the last five eight-engine tests are averaged for conciseness. The main

body of each graph presents the characteristics for each group at specific

frequencies. The extreme left end of each graph shows the overall sound

level for each group, and the overall sound level range for the last five
eight-engine tests.

Figures 18 to 23 are graphs of the possible amplitude distributions

indicated by recorded data. A thorough and detailed analysis of wave

form has not yet been made. A normal (Gaussian) distribution curve with

the same area has been plotted for comparison.

From the measured sound pressure levels, the descriptive parameter

of directivity has been computed (See Appendix B). Individual sound

pressure measurements were averaged over that portion of the theoretical

hemisphere used for this survey. This averaged value is termed the

Space Average Sound Pressure Level (bV_-LH) and corresponds to the value

that would have been measured at each position from a similar sound

source radiating in space through a hemisphere. This average value is

then compared with the sound pressure level measured at each station

(SPLe) to give a directivity factor. Results are presented in graphical
form on Figures 24 to 26.

An important result of the survey is a descriptive power spectrum

for the Saturn jet as a sound source. This has been computed from the

space average sound pressure level. Assumptions were that the sound

waves lose no energy in the air and that power radiation follows the

inverse square law. To facilitate this computation, the 600-foot radius

was chosen for locating microphones. This gave at least five full wave

lengths for sound frequencies above i0 cps. No doubt there was some

attenuation of high frequencies, but it is believed that the assumptions

and chosen distances were a sound compromise and gave reasonably valid

results. The plotted power spectra are shown on Figures 27 and 28.

Tables I and II give details of the test conditions and specific results

of the power computations. Table II shows that attenuation was high

for the first three tests, resulting in low efficiencies for those tests.

Studies based on theory alone indicated that the Saturn booster as a

noise source would have an efficiency of about 1.0%. Measured values

show an efficiency of about 0.7%.



EVALUATION OF RESULTS

In reviewing the results of this survey, it is believed that the rms

sound pressure levels recorded give good indications of the existing rms

environments. To fully evaluate the results, consideration must be given

to the random characteristics of the noise in question. To facilitate

this consideration, the amplitude distribution plots show_ on Figures

18 to 23 are presented. The plots show minor deviations from Gaussian

randomness and indicate a negative probability of wave form. This may

be a result of finite amplitude limiting of air.

Some doubt may arise over the presumption that Saturn noise is attenu-

ated in accordance with the inverse square law of radiation. However,

recorded data show a reasonable balance between too much attenuation for

some frequencies and too little for others. Therefore, it is considered

that such a presumption is valid, within feasibility, and in accordance

with established practice for making far-fleld noise surveys.

The overall directivity is influenced most by the directivity of

frequencies below 50 cps. A review of the directivity plots on Figures

27 and 28 indicates this is to be expectedj since spectral peaks occur in

the lower range. Further inspection of the plots shows directivity of

the two-engine and the four-engine tests to be much narrower than for

the eight-engine tests. With few exceptions, the lobes of most intense

radiation peak at angular coordinates near 50 ° . For coordinates

greater than 50 ° , the directivity is quite similar for all clusters.

Below that value, considerable difference exists in directivity. Modi-

fications to the deflector included an extension which changed the

exhaust gas flow from 5° above horizontal to 30 ° above horizontal. This

and other deflector changes doubtless had considerable influence on

overall directivity. However, concurrently with deflector changes, the

number of engines in use was increased. Different levels of exhaust

impingement and resulting interference of individual jets make it impossi-

ble to delineate the specific sound source-to-receiver geometry so

changes in directivity can only be considered as resulting from both

these factors.

Inspection of the pressure spectra plots shown on Figures 24 to 26

reveals severe dips and peaks in some curves, with less severe changes

in the slopes of all curves. Jet noise spectra are usually rather smooth

and are similar to the spectrum shown on Figure 15. Here again, the exact

cause for each deviation is difficult to isolate and can only be attri-

buted to the combination of changes in deflector configuration and number

of engines. A survey of noise generated during launch of a Saturn flight

vehicle may serve to isolate the respective effects of the factors men-

tioned.



Referring again to the pressure spectra plots, attention is di-
rected to the width of the curve peaks. These spectra, and the power
spectra based on them, were expected to have broad peaks_ four to five
octaves wide at 8 to I00 cps. (See Reference I or 4). Generally, the
peaks were about three octaves wide and, for angular coordinates below
30°_ were centered near 20 cps. Between 50° and 70°, the peaks were

only about two octaves wide and were centered between 40 cps and 60 cps.

In the 90 ° to 150 ° arc, the peaks were again about three octaves wide,

but centered near 80 to i00 cps. Computed power spectra peaks were about

four octaves wide, thus averaging out the shifts in spectral peaks found

in the pressure spectra.

The small peaks at 2.5 cps are attributed to tape recorder "wow" and

should be disregarded. Spectral values above 5000 cps are believed to be

slightly high due to internal system noise.

An important characteristic of any noise is the efficiency of the

generating source. However, recorded data show an efficiency of about

0.7% for the eight-engine tests and considerably less for the two-engine

and the four-engine tests. This is attributed to the following:

(I) The jets merge and create less turbulence than would a

single smooth jet with the same kinetic energy.

(2) The length of the central co_e terminates abruptly at im-

pingement with the deflector, greatly reducing the volume

of supersonic flow. This varies from jet to jet as the

location of impingement varies.

(3) Considerable dampening results from the large volume of

coolant water pumped through the deflector surface. This

appears to have had particular effect on the two-engine

and four-engine tests where the coolant water flowrate was

two o_ three times the propellant flowrate.

Here again, it is impossible to isolate the individual effects of

the three factors and further clarification will be dependent on launch

test noise surveys. Although this noise survey was conducted during

tests of a prototype research and development vehicle, results are con-

sidered valid and may be extrapolated to predict noise characteristics

of flight vehicles. Increase of booster thrust to 1,5003000 pounds will

probably raise the noise power level about one decibel.



CONCLUSIONS

From the evaluation of the results of this program it has been con-

cluded that:

(i) Not only was a complete description of Saturn eight-engine

noise obtained, but fairly complete descriptions were ob-

tained for two-engine and four-engine clusters.

C2) Acoustic powers generated by the cluster configurations are

0.56 megawatt for two engines, 1.6 megawatts for four en-

gines, and 25 to 40 megawatts for eight engines.

(3) The acoustic efficiency is quite low; 0.03% for two engines,

0.06% for four engines, and 0.7% for eight engines.

(4) Sound pressure spectra peak between I0 and I00 Cps and are

not as smooth as those for single jet engines.

(5) Directivity is fairly narrow for two-engine and four-engine

tests, but quite broad for eight engines.

(6) Indications are that clustering jet exhausts results in

peaked pressure spectra and low efficiency; however, data

obtained so far are insufficient to isolate this effect.

(7) Flight vehicles with a thrust of 1,500,000 pounds are ex-

pected to develop about i0% more acoustic power than the

research and development vehicle used during this survey.

(8) Results of the noise surveys made at the launch site may

make it possible to isolate individual effects of cluster-

ing engines, deflector configuration, and dampening effect
of coolant water.
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APPENDIX A

INSTRUMENTATION FOR DETERMINATION OF FAR-FIELD NOISE

CHARACTERISTICS IN SATURN STATIC TESTS

DATA ACQUISITION SYSTEM

To obtain the data for this program_ a system was required which

could cope with very stringent operating conditions. Included among

those conditions are:

(I) Wide spread of transducers.

(_ Long transmission cables.

(3) Frequency response from 2 cps to i0_000 cps.

(4) A dynamic range of 70 decibels.

(5) Minimum distortion desired.

(6) Exposure to weather.

(7) Necessity for good environmental stability.

A schematic of the system used_ identifying various components_ is

presented as Figure 29 of this technical note. Operational characteris-

tics of the system and adequacy of the data acquired have proven quite

acceptable. The piezoelectric crystal microphone is weatherproof and

relatively stable in operation. However_ because of its low sensitivity

and high internal impedance_ a battery-driven preamplifier was placed at

each measuring point. This allowed use of a short microphone cable_ pro-

viding low noise signal boost and adequate power to drive the long trans-

mission lines. A monitor and control amplifier matched incoming signals

to the limited dynamic range of the tape recorder to produce excellent

recording fidelity.

Before and after each test 3 a chamber was placed over each micro-

phone and a calibration test made to produce arms SPL of 130 db at 400

cps. The pre-run calibration was recorded on tape and used as a refe-

rence tone for data reduction. These stability checks revealed very

little change in sensitivity over the entire period of survey and served

to increase confidence in the system. Frequent checks were also made on

dynamic range_ linearity_ frequency response 3 and distortion in the

various components.
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DATAREDUCTIONSYSTEM

A thorough evaluation of sound data requires a frequency analysis of

the recorded random signals. The evaluation of data for this survey is

based upon a spectral distribution of the root-mean-square amplitudes

of the sound waveforms. To obtain such spectra, measurements were as-

sumed to be constant over the test duration. A sample was then taken

from each measurement and processed to produce the data required.

A schematic of the data reduction system is shown on Figure 29. A

loop recorder is used to obtain a data sample four to six seconds in

length and the rest of the system then analyzes the sample. All mathe-

matical functions of squaring, integrating, and computing roots are per-

formed by the system. This provides a "true rms" method of analyzing

and produces the rms amplitude of a signal, regardless of its waveform.

The spectrometer breaks the spectra into frequency bands one-third

octave wide, giving data narrow enough for good spectral resolution,

but wide enough for good statistical accuracy. Automatic switching

systems, controlled by sample length, provide rapidity in analyzing data

and accurate control of imtegration time.

Because of limitation in the spectrometer filter system, the speed

multiplication feature of the loop recorder is utilized to reduce sig-

nals below 16 cps. A signal recorded at 7½ ips is played back at 60

ips. This gives a frequency multiplication factor of 8 and allows a

2 cps signal to pass the 16 cps filter in the spectrometer. One disad-

vantage of this procedure is that a 5-second loop at 60 ips requires

40 seconds of recorded data at 7½ ips. Thus, data from tests of less

than 40 seconds duration cannot be analyzed below 16 cps.

To evaluate randomness of noise waveforms recorded during this

survey, selected data were analyzed using a probability density analyzer

which produces a plot of the amplitude distribution. The instrument was

available for a limited time only, so the selected data gives a tentative 3

but not necessarily conclusive, evaluation of randomness. The mean curve

for a given signal was drawn by inspection and the area under it measured

with a polar planimeter. For reference, a Gaussian curve with the same

area between ±3 sigma was then superimposed on the plot. Results are

shown on Figures 18 to 23.

As with other phases of the instrumentation, frequent checks were

made on all components to maintain precision and to establish confidence

in the system.
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PROJECT ACCURACY

Confidence in the accuracy of the recorded data, and in the values

computed from it, is based on two things: precision of measurements, and

proper consideration of the range of dispersion of the measurements. Use

of extreme care in all operations and maintenance of a continuing check

of components has resulted in a high degree of precision. Data for the

eight-engine tests were averaged and as a result, the range of dispersion

is obtained. Ranges found during the survey are shown on Figures 30 to

32. Considering all characteristics of the program, the following evalu-

ation of accuracy is given:

(I) Data points shown on the pressure spectra are within ±3

decibels of the true mean for 95% of the data.

(2) Data points shown on the pressure spectra are within ±2

decibels of the true mean for 70% of the data.

(3) General confidence level is 95%.
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APPENDIXB

CALCULATIONOFDERIVEDPARAMETERS

Averaging the individual measurementsto produce the space average
_ound pressure level (_H) is done over the hemisphere area used in the
survey. The equation for this operation is:

'_--_(Sj) Antilog (SPLj)

Antilog (_fTH) = J (BI)
i0 STotal

where STota I = total area of measurement array,

sj = area associated with individual measurements,

= SPL measured at individual positions, and

space average sound pressure level.

Once the space average sound pressure level is known, the directivity

of the source can be found by comparing the individually measured SPL's

to the _'I_H according to the expression:

DCF = SPLj - SP--_ (B2)

where DCF = the directivity correction factor. SPLj and _17 H are the
same as for equation (BI).

The space average sound pressure level is also the basis for the

computation of the power. Assuming the radiation obeys the inverse

square law, then the power level at the source is the known space average

SPL, plus the attenuation from the spreading due to inverse square law

propagation within the hemisphere. In symbols, this is:

PWL = S-_ H + I0 log 2_R 2. (B3)

However, for the microphone array on the 600-foot arc, the equation

can be simplified to:

PWL = $PL----H + 63.5 in decibels power relative to i0 -13

watts. (B4)
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While this equation is only approximate, it is well within the oper-
ating accuracy of the project if normal pressure, temperature, and a
quiet mediumare assumed. By use of this operation, the power levels
for the overall, one-third octave, and octave band spectra are readily
calculated. The space average spectra were not plotted because the power

spectra are the same, except for the vertical scale factor.

To calculate the octave band results, a procedure was used where the

one-third octave pressure levels were converted to spectrum levels by use

of suitable correction factors. Then three spectrum levels for each oc-

tave band were averaged and the octave band levels were calculated by

use of bandwidth corrections. From the space average SPL's in octave

bands, the power level was readily calculated with equation (B4). Details

on this procedure can be found in References 9 and i0.

Using the formula, the acoustic efficiency was computed as

Pa

= Pm

where Pa = acoustic power generated, in watts, and

(BS)

Pm = kinetic energy in the jet stream per second.

Kinetic energy was computed from:

T T2Pm = ½ MV e = ½ _-- = ½ = 16.1 _-
(B6)

where V = T/M and

V = expanded jet velocity in feet per second,

T = measured thrust in pounds, and

M = mass flowrate in slugs per second. (A slug is

defined as weight in pounds divided by acceleration

of gravity in feet per second per second.)

W = weight flowrate in pounds per second.

Actual jet stream velocity is only approximately equal to the

expanded jet velocity (T/M), because the stream pressure in a fully-

expanded flow does not equal the ambient pressure. However, until more

data on the jet stream pressure are available, the approximation will

be considered valid with an estimated error of less then i0 percent.
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in the Vicinity of the Engine Cluster During Launching. BBN

Rpt 751, Bolt Beranek and Newman, Inc., June 28, 1960.
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